Previous electrophysiological investigation shows that combinations of compounds classified by humans as umami-tasting, such as glutamate salts and 5′-ribonucleotides, elicit synergistic responses in neurons throughout the rodent taste system and produce a pattern that resembles responses to sweet compounds. The current study tested the hypothesis that a synergistic mixture of monopotassium glutamate (MPG) and inositol monophosphate (IMP) possesses perceptual similarity to sucrose in mice. We estimated behavioral similarity among these tastants and the individual umami compounds using a series of conditioned taste aversion (CTA) tests, a procedure that measures whether a CTA formed to one stimulus generalizes to another. Our primary finding was that a CTA to a synergistic mixture of MPG + IMP generalizes to sucrose, and vice-versa. This indicates umami synergistic mixtures are perceived as having a sweet, or at least sucroselike, taste to mice. Considering other recent studies, our data argue strongly in favor of multiple receptor mechanisms for umami detection, and complexity in taste perception models for rodents.
Introduction
The ability of humans to perceive a savory taste known as umami was first described over a century ago (Ikeda 1909) . Since then, tastes of compounds described as umami by humans have been well characterized in both humans and rodents by way of molecular, physiological, and behavioral experimentation (e.g., Yasuo et al. 2008; Delay et al. 2009; Kinnamon and Vandenbeuch 2009) . A class of G-proteincoupled heterodimeric taste receptors called T1Rs have been found to transduce compounds characterized as tasting sweet or umami to humans (Li et al. 2002; Nelson et al. 2002; Sako et al. 2003; Zhao et al. 2003; Zhang et al. 2008) . Sweet-tasting compounds, including sugars and artificial sweeteners (e.g., saccharine, aspartame), activate a T1R2/T1R3 heterodimer whereas umami-tasting compounds, including several l-type amino acids as well as certain 5′-ribonucleotides, activate a T1R1/T1R3 heterodimer. Moreover, evidence indicates T1R1/T1R3 has the ability to cooperatively bind l-glutamate and 5′-ribonucleotides, likely underlying the synergism observed when these 2 types of compounds are mixed (Zhang et al. 2008) . In addition to these canonical mechanisms, there is increasing evidence for non-T1R mechanisms for both classes of tastants (Chaudhari et al. 1996 (Chaudhari et al. , 2000 (Chaudhari et al. , 2009 Yee et al. 2011; Nakashima et al. 2012) .
Humans can clearly discriminate at least 5 different taste qualities, including sweet and umami (Yamaguchi 1991) , but studies with rodents paint a more complex picture regarding the uniqueness of umami taste (note that the terms "sweet" and "umami" are used throughout this report to describe taste qualities of these compounds, although these terms are necessarily based on human, rather than animal, perception). The prototypical umami taste compound monosodium l-glutamate (MSG) was initially shown both behaviorally and physiologically to have similarities to NaCl (Yamamoto et al. 1985; Ninomiya and Funakoshi 1989) . However, when the sodium component of MSG is blocked with the Na + channel inhibitor amiloride, rats find this compound and sucrose perceptually similar (Stapleton et al. 1999) . Although both rats and mice can discriminate between MSG and sucrose in the presence of amiloride, they have some difficulty doing so (Stapleton et al. 2002; Heyer et al. 2004; Delay et al. 2006) . In addition to l-glutamate, Dotson and Spector (2007) found that mice could discriminate sucrose from 2 other l-type amino acids, l-serine and l-threonine. Thus, evidence from studies of rodent taste perception using behavioral paradigms has not discretely categorized compounds such as glutamate salts and putatively sweet-and salty-tasting compounds.
In previous studies, it has been shown that stimulating the oral cavity with a mixture of a glutamate salt and a 5′-ribonucleotide elicits a synergistic response in the taste epithelium, afferent nerve, and taste neurons found in brainstem gustatory areas (Sato et al. 1970; Adachi and Aoyama 1991; Nishijo et al. 1991; Ninomiya et al. 1992; Sako and Yamamoto 1999; Yasumatsu et al. 2012; Zhang et al. 2013) . In our previous studies , we measured responses to sucrose and umami compounds in single taste neurons isolated in the mouse parabrachial nucleus (PBN). Strikingly, a mixture of 0.1 M monopotassium glutamate (MPG) and 0.01 M inositol monophosphate (IMP) elicited a response across all taste neurons that closely mirrored that elicited by 0.3 M sucrose, similar to effects found in earlier studies (Adachi and Aoyama 1991) . In contrast, the individual umami compounds at these concentrations evoked a weaker response that did not correlate with sucrose.
Behaviorally, whether synergistic mixtures and sucrose may possess a similar taste has been directly studied in rats (Yamamoto et al. 1991) but not mice. Yamamoto et al. (1991) found that aversion conditioned to a mixture of MSG + IMP (with amiloride added) generalized to sucrose, as well as the individual umami compounds. The current study therefore tested the hypothesis that synergistic mixtures of MPG + IMP possessed perceptual similarity to sucrose in mice. We first evaluated innate orosensory responses for sucrose, MPG + IMP, and the individual compounds of the mixture, using brief-access tests. Because water-restricted mice lick water at a near maximal rate, it is straightforward to measure an aversive, but not appetitive, response (i.e., there is a ceiling effect). Therefore, in addition to using a standard 23-h deprivation schedule, we also tested mice with a partial food and water restriction schedule designed to measure appetitive responses (Glendinning et al. 2002) . Next, we estimated behavioral similarity among compounds using a series of conditioned taste aversion (CTA) tests, procedures used to evaluate whether an aversion formed to one stimulus generalizes to another (e.g., Ninomiya and Funakoshi 1989; St. John and Boughter 2009; Yamamoto et al. 2009 ).
Materials and methods

Subjects
Adult male and female C57BL/6J (B6) mice (N = 112) were obtained either directly from Jackson Laboratory or were the offspring of such mice bred in the University of Tennessee Health Science Center's animal facility. Roughly equal numbers of males and females were used, and all mice were 54-179 days of age (mean = 82.7; SD = 23.6) at the start of training. Mice were housed in shoebox cages on a 12/12-light/dark cycle. Chow (22/5 rodent diet; Harlan Teklad) was provided freely before, during, and after testing (except for the partial restriction brief-access tests; see below). The University of Tennessee Health Science Center Animal Care and Use Committee approved this study, and all mice were handled in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 80-23 revised 1996).
Taste solutions
All tastants (sucrose, MPG, IMP, the MPG + IMP mixture, and potassium chloride [KCl] ) were prepared fresh daily using reagent grade chemicals (Sigma-Aldrich) dissolved in distilled water. MPG was used instead of MSG to preclude the taste of the sodium ion. For each compound tested in the brief-access experiments, 4-concentration series were constructed using half-log molar steps, including MPG + IMP, where the concentration of MPG used was always 1 log step higher than that of IMP.
Apparatus and training
Licking was measured using Davis MS-160 contact lickometers (DiLog Instruments). The basic design and use of these devices in gustatory behavioral tests in our lab has been described in detail (Boughter et al. 2002; St. John and Boughter 2009 ). All mice were initially given 5 days of training in the lickometer. Body weight was measured daily, and on average mice remained at or above 80% their initial weight throughout the experiments. On day 1, water was removed from the home cage, and mice were placed in the test chamber for 5 min with no access to water (chamber habituation). On day 2, mice were given a single 20-min access period to a single bottle containing water (sipper tube training). On days 3-5, mice licked water in 5-s trials from 4 randomly presented bottles (trial training); trials were spaced by 7.5 s. The time limit for a mouse to initiate licking in a given trial was 2 min; if no lick was made, the shutter closed and the next intertrial interval began, followed by the next trial in sequence (i.e., the trial was not repeated). The sessions (consisting of these short trials) lasted at least 5 min and ended after either 24 trials were initiated or 30 min, whichever came first. Throughout the first week of training, mice only received water during daily sessions. Mice and water bottles were restored to the home cage after training on day 5. Mice were then given a 2-day rest period and tested either with brief-access or CTA paradigms (see below), where a similar 5-s trial design (total 24 trials/30-min time limit) was used.
Brief-access test
Using this protocol, 9 naïve mice were tested to determine taste-guided sensitivity to 4 concentrations (half-log molar steps) of 5 compounds Figure 1 for groups, except KCl) under water restriction. Mice were tested with these stimuli over a 2-week period, one compound per day (3 consecutive days per week), with rest days (no restriction) between weeks and water training days before the tests. For each test, 4 concentrations of compound plus water were delivered using a randomized block design. Twenty-four total 5-s trials were divided into 4 blocks of 6; within each block, each concentration of compound plus 2 water trials was presented in a random order.
Following this testing, mice were allowed to recover for 2 days, and then were placed on a partial water and food restriction schedule: 2 ml of water and 1 g of chow per day. While on this schedule, mice were tested for 4 consecutive days with taste stimuli, 1 compound per day. KCl was not tested, as we did not anticipate the mice would lick it avidly. All partial water and food restriction brief-access tests were otherwise similar to those for the water restriction tests described above.
CTA tests
In this paradigm, 95 naïve mice were conditioned to avoid a compound by pairing its taste with a malaise-producing intraperitoneal (i.p.) injection of 0.24 M lithium chloride (LiCl). Following this conditioning, mice were tested with a panel of 4 compounds in order to assess whether the aversion generalized to other compounds. As above, bottles were removed from the home cage on day 1, and the animals were given a sipper tube training session on day 2. On day 3, mice were given a single 20-min trial with the conditioned stimulus ( , 1 or more of these concentrations was increased. As in the brief-access test, this was accomplished with a 24-trial, randomized block design with 2 water trials per block.
Each mouse was only conditioned to avoid a single compound; a total of 10 groups of mice were tested. The N per group ranged from 6 to 14 mice. The average group size was 9.1 mice (SD = 2.6). Group size varied due to 1 mouse failing to learn to lick in the lickometer, 4 deaths, and 3 being excluded after testing (see below).
Data analysis
Intake data from the aversion conditioning session is presented as mean licks. For the generalization tests, as well as for the brief-access tests, data are presented as lick ratios (LR) for each stimulus (average licks to stimulus/average number of licks during water trials). For the generalization experiment, LR data was examined for each of 4 compounds used as a CS (sucrose, MPG + IMP, MPG, IMP) with a general linear model, including a within subjects (repeated measures) factor for compound and a between subjects factor for panel. This analysis was conducted in order to investigate whether higher concentrations of the CS and/or test panel produced stronger conditioned aversions. A drawback to this approach was that for MPG + IMP and IMP, both the CS concentration and the concentration of some of the compounds used in the test session varied between panels, making the source of potential effects hard to pinpoint. For both the generalization and brief-access tests, we also assessed significance of aversion (or preference) for individual stimuli using a series of paired t-tests, licks to stimulus versus licks to water. The α level was set at 0.0125 to correct for multiple comparisons using Bonferroni's method (assumes 4 interdependent means per test). These t-tests yielded essentially identical results to one-sample t-tests (LR vs. hypothetical mean of 1.0); only the former method was reported.
Generally speaking, in CTA approaches with mice involving i.p. injections, not all animals develop strong aversions to an orosensory-salient CS (Murata et al. 2009 ), perhaps due to variation in procedure, physiological response, or perceived weakness of the CS. As we used a single pairing paradigm, we had to balance consideration of such factors with the possibility that some concentrations of compounds used as the CS were not particularly salient to mice, and therefore did not produce strong aversions. This was the case for MPG and KCl. We therefore developed an exclusion criterion: Individual mice that licked the CS in the test session more than 2 SD above the mean (mouse licks > mean licks + 2 SD) were excluded. Overall, 3 mice in the CTA experiments were excluded; this included 1 mouse out of 19 when the CS was sucrose, a stimulus that we expected to be significantly avoided following pairing with LiCl injection.
Results
Brief-access testing
LRs for mice in response to concentration series of sucrose, the MPG + IMP mixture, MPG, and IMP using either a water or partial restriction procedure are shown in Figure 1 . When water-restricted mice were tested with a concentration series of sucrose, they tended to lick each concentration at about the same rate as water, although lick rates to 0.3 and 1.0 M sucrose were slightly, but significantly, lower than the water lick rate ( Figure 1A ; P values < 0.01). Under partial food and water restriction, mice displayed a trend for concentration-dependent avidity to sucrose, with elevated LRs at the 2 higher concentrations, although only 0.3 M was significantly different from water (P > 0.012). Clear appetitive responses (i.e., LR > 1.0) were not evident for the MPG + IMP mixture across different concentrations, or for the individual compounds in these tests ( Figure 1B-D) . However, regardless of deprivation procedure, mice significantly avoided the strongest concentration of both MPG and MPG + IMP (P values < 0.001). In addition, mice avoided several concentrations of IMP, again regardless of procedure (P values < 0.001). In the case of MPG or the mixture, we hypothesized that the aversion was due to a high concentration of potassium ions. In support of this, mice under water restriction significantly avoided both 0.3 and 1.0 M KCl (data not shown; P values < 0.001). The test responses to CTA (N = 11) and control mice (N = 7) conditioned with 0.3 M sucrose are shown in Figure 3 . These mice were tested under water-deprived conditions and correspond to the groups CON (control) and 1 in Figure 2 . Control mice were tested the same way with the exception that the LiCl injection was replaced with equimolar NaCl during the conditioning session. Control mice were not expected to express a CTA; these mice licked all tastants during the test session at rates equal to or above those for water (LR ≥ 1.0). CTA and control data were compared with a general linear model; there was a significant main effect of group (F [1, 16] = 5.979; P = 0.026) and a significant group × compound interaction (F [3, 48] = 5.052; P = 0.007). Comparisons (Bonferroni-corrected t-tests) between groups for each compound indicated a significant difference for sucrose (P = 0.007) but not quite for the mixture or the other 2 compounds (P values ≥ 0.02). These data demonstrate acquisition and expression of a CTA relative to controls.
Acquisition and expression of CTA
To examine whether mice might use olfactory cues to guide ingestive decisions in this paradigm, we analyzed latency to first lick in both the CTA and CON groups (e.g., Rhinehart-Doty et al. 1994 ). There was not a significant effect of either group or compound, suggesting mice did not use olfactory cues to anticipate or discriminate among particular stimuli.
Conditioned aversions to sucrose and MPG + IMP mixtures cross-generalize
Mice were conditioned to avoid 0.3 M sucrose and then tested with either the standard panel ( Figure 4A ; same data as CTA group in Figure 3 Figure 4B ) featuring the same sucrose concentration but higher concentrations of IMP (0.1 M) and MPG + IMP (0.3 + 0.03 M). A higher MPG concentration was not used as mice displayed native aversion to 1.0 M MPG (e.g., Figure 1 ). Following conditioning, mice displayed significant aversion to the CS; this aversion generalized to the MPG + IMP mixture, but not to MPG or IMP when presented alone (P values < 0.006). In a comparison between panels (standard vs. high), there was both a significant effect of panel (F [1, 16] = 4.82, P < 0.05), and a significant stimulus × panel interaction (F [3, 48] = 4.47, P < 0.05), reflecting that mice showed greater aversion to sucrose and MPG + IMP with the stronger panel. Although it may be expected that mice would display more robust avoidance of the higher concentration of MPG + IMP, it is not clear why aversion was stronger to sucrose in the stronger panel, as the concentration of this stimulus did not change. We next tested mice that were conditioned to avoid MPG + IMP at 2 concentrations ( Figure 4C,D) . Mice given a CS concentration of 0.1 + 0.01 M were tested with the standard panel; these mice displayed avoidance of both sucrose and the mixture (P values < 0.0001). Mice that received a higher concentration of mixture as the CS (0.3 + 0.03 M) similarly avoided sucrose and mixture in the test session (P values < 0.001) but not 0.3 M MPG or 0.1 M IMP. ANOVA indicated there was no significant overall effect of CS concentration/ panel concentration (both were elevated in the second experiment; Figure 4D ), although there was a significant stimulus × panel interaction (F [3, 54] = 3.88; P < 0.05). This likely reflects the greater aversion of mice to sucrose, but not the mixture, in the stronger panel.
Conditioned aversions to MPG and IMP
Additional groups of mice were conditioned to avoid either 0.3 M or 1.0 M MPG. They were tested with the same, standard panel of compound concentrations. As mentioned above, 1.0 M MPG was not used as a test stimulus because mice avoided this concentration in the brief-access tests. Somewhat surprisingly, the MPG-conditioned mice displayed no significant aversion to most of the compounds, including 0.3 M MPG itself ( Figure 5A,B) ; this indicates no CTA formed to MPG. The exception was significant aversion shown by the 0.3 M conditioned mice to sucrose (P < 0.002). Additional attempts to explore this lack of CTA were made by evaluating generalizations after conditioning with 0.3 M KCl (to target potassium; data not shown), but these mice displayed no significant aversions to any of the stimuli of the standard panel (P values > 0.1).
We also used 2 concentrations of IMP (0.03, 0.1 M) as the CS. In the 0.03 M group, mice displayed significant aversions of all compounds except MPG ( Figure 5C ) (P values < 0.007). As mentioned above, conditioning to sucrose and MPG + IMP did not generalize to IMP (Figure 4) ; thus, this generalization is asymmetrical. Interestingly, 0.1 M IMP mice did not generalize aversions to sucrose or MPG + IMP ( Figure 5D ), indicating a concentration dependence of IMP generalizations with sweet-tasting compounds. Latency to first lick data from all CTA panels, for each stimulus plus water, were examined via repeated measures ANOVA with a between subjects factor for group. Overall, there was not a significant effect of compound, indicating that mice did not hesitate more or less before licking from a given stimulus bottle. There was both a significant effect of group (F [8, 74] = 4.25; P < 0.001), and group × compound interaction (F [32, 296] = 2.14, P < 0.001). When latencies within each group were examined individually, a significant effect of compound was found only for mice that received the higher concentration of MPG + IMP (i.e., one of nine groups). The lack of consistent significant differences in latency among compounds suggests that mice did not use olfactory or other potential extraneous (e.g., motor noise) cues to anticipate stimuli, including the (usually avoided) CS.
Discussion
Synergistic umami mixtures and sucrose evoke similar perceptions in mice
In this study, we show that a CTA to a synergistic mixture of MPG + IMP generalizes to sucrose, and vice-versa. This is evidence that synergistic mixtures are perceived as having a sweet or at least sucrose-like taste to mice. (Note that our results also support the statement that sucrose is perceived as "MPG + IMP-like" to mice, but we choose to use the former to more conveniently explain our results.) A similar cross-generalization between these compounds using the CTA paradigm was previously described for rats (Yamamoto et al. 1991) . However, although a CTA to IMP generalized to both the mixture and sucrose, CTAs conditioned to the mixture or to sucrose did not generalize to MPG or IMP alone in our study. The lack of cross-generalization between sucrose and glutamate salts (either MSG + amiloride or MPG) has been described in previous studies with mice (Ninomiya and Funakoshi 1989; Murata et al. 2009; Yamamoto et al. 2009; Kusuhara et al. 2013 ), but not rats (Yamamoto et al. 1991; Chaudhari et al. 1996; Stapleton et al. 1999; Heyer et al. 2003) , pointing to a likely species difference.
Current models of taste cell function posit that umami and sweet compounds activate different T1R heterodimers, which are located in separate subpopulations of "Type II" taste receptor cells (TRCs) (Chandrashekar et al. 2006; Liman et al. 2014 ). This peripheral segregation includes synergistic umami mixtures, which activate the T1R1 + T1R3 but not T1R2 + T1R3 heterodimer (Li et al. 2002; Nelson et al. 2002; Zhao et al. 2003) . In fact, the synergistic response may be related to the ability of the T1R1 subunit to cooperatively bind l-glutamate and 5′-ribonucleotides (Zhang et al. 2008) . Careful behavioral studies with mice possessing genetic deletions of T1R receptors confirm the dependence of the synergistic response on T1R1 + T1R3 (Smith and Spector 2014) .
Despite apparent receptor specificity, emerging evidence suggests the link between synergistic umami mixtures and sweet taste begins at the periphery and is maintained throughout the central nervous system, resulting in behavioral similarity in mice. Kusuhara et al. (2013) found that single TRCs often responded to both sweet-and umami-tasting compounds. Additionally, in the same study, T1R1 knockout mice had a compromised response to both sweet tastants and umami mixtures. This common response may be due to the presence of all 3 T1R subunits in individual taste cells (Kim et al. 2003; Dando et al. 2012; Kusuhara et al. 2013 ; but see Zhao et al. 2003) . On the other hand, the behavioral data of Smith and Spector (2014) argue strongly against the involvement of T1R2 in the synergistic response. In any case, it is clear that at the level of the afferent taste nerve, certain chorda tympani (CT) fibers are activated by both umami mixtures and sweet-tasting compounds (Yasumatsu et al. 2012) . Unsurprisingly, the sweet taste inhibitor gurmarin has been found to block the mixture response in the CT nerve (Sako et al. 2003) . As mentioned earlier, there is a strong correlation between mixture and sucrose responses in the PBN of the mouse, with an MPG + IMP mixture predominantly activating neurons classified as sucrose-or sweet-best .
The above and further evidence may explain in the current experiment why a CTA conditioned to sucrose generalized to the mixture, but not to MPG or IMP. In the Kusuhara et al. (2013) study, genetic deletion of T1R1 did not affect the response to individually presented umami compounds, including MSG, MPG, and IMP, in either the CT or glossopharyngeal (GL) nerve. The GL nerve is known in mice to lack a synergistic response to umami mixtures (Damak et al. 2003) . These and other data (Maruyama et al. 2006 ) argue in favor of alternate mechanisms for umami detection. There is evidence for contributions from both taste-specific and brain-expressed forms of metabotropic glutamate receptors (mGluR1 and mGluR4) (Chaudhari et al. 2000; San Gabriel et al. 2005; Nakashima et al. 2012) . It is also possible, however, that the lack of generalization from sucrose or the mixture to MPG and IMP found in our experiment has more to do with concentration, and the weakness of MPG as a taste stimulus.
Although CTAs formed to sucrose or the synergistic mixture did not generalize to IMP in our study, a CTA to IMP generalized to both sucrose and the mixture. Cross-generalization of CTAs to IMP and glutamate salts in mice has been previously established, although neither was shown to cross-generalize with sucrose (Ninomiya and Funakoshi 1989; Murata et al. 2009; Yamamoto et al. 2009 ). Murata et al. (2009) did find that a CTA to 0.01 M IMP generalized to 20 mM Saccharin in 129/J (but not B6) mice. We suggest that if IMP or MPG (presented individually, not in mixture) has sweet attributes in mice, as they apparently do in rats (Yamamoto et al. 1991) , any palatable response is weak and concentration dependent. Indeed, mice did not generalize IMP to sucrose and the mixture when the CS concentration was raised to 0.1 M. In our brief-access tests, B6 mice were not generally responsive to these stimuli at lower concentrations but displayed strong aversion to IMP at 0.3 M and to MPG at 1.0 M. In 2-bottle tests, wild-type mice prefer 0.01-0.1 M IMP but display complete avoidance by 0.3 M (He et al. 2004) . MSG is preferred at 0.001-0.3 M but avoided at higher concentrations (Bachmanov et al. 2000) . Either compound tends to provoke relatively weak taste nerve responses at concentrations below 0.3 M (He et al. 2004; Inoue et al. 2004; Kusuhara et al. 2013) , although mice can detect IMP at a concentration as low as 0.0025 M (Smith and Spector 2014) . Aversion to these compounds at high concentrations is most likely driven by cations (K + for MPG, Na + for MSG and IMP).
The absence of a strong taste response was most pronounced for MPG, where we were not able to condition a significant aversion with a single pairing in most mice, even when 1.0 M was used as the CS. In this case, mice still failed to generalize the CTA to 0.3 M, seemingly confirming that this concentration is only weakly perceived. These data support the recent findings by Smith and Spector (2014) , who show that most mice (wild-type or T1R KO) cannot be trained to detect 0.6 M MSG when amiloride was added. It is also notable that Murata et al. (2009) needed to repeat the CS-US pairing (using 0.1 M MSG and 0.24 M i.p. LiCl) in 75% of B6 mice in order to condition an aversion. On the other hand, no retesting was apparently necessary for mice to form a CTA to 0.1 M MPG in Yamamoto et al. (2009) . It is unclear if this is due to procedural differences.
Methodological considerations
In this study, we used a brief-access design to minimize non-orosensory cues (St. John and Spector 2008 ). However, it is possible that such factors impacted our findings. For example, studies using lickometers have shown that rodents, including mice, are able to use olfactory cues to identify compounds thought to be odorless such as sucrose (Rhinehart-Doty et al. 1994) . Although we took no extra steps to prevent the possibility of mice sensing taste compounds via olfactory cues, results from an analysis of the latency to first lick in trials from our study indicates that mice did not hesitate more to make an initial lick of the CS during testing than they did for other tastants. Another factor to be considered is the possibility of postingestive effects modulating behavioral responses. Mice consume appetitive compounds such as sucrose throughout the experimental session, and postingestive effects for certain compounds have been shown to be detectable within a short period (i.e., ≥6-10 min) after consumption (Baird et al. 2005; Glendinning et al. 2008; Zukerman et al. 2011) . The test sessions in our generalization experiments varied quite a bit in length, but on average lasted for less than 10 min (mean ± SD = 9.1 ± 2.5 min; range = 6.0-18.9 min). In humans, umami compounds appear to have a prolonged aftertaste (i.e., Imamura and Matsushima 2013), although it is unclear if this effect extends to mice. Future studies may use longer intertrial intervals or water rinses between trials to prevent potential carryover effects. Finally, neophobia has also been shown to influence results in CTA studies (Domjan 1976; De La Casa and Lubow 1995) . At least for particular concentrations of each compound tested, effects of neophobia may be negligible, as indicated by lack of aversion to any compound in CTA control mice (Figure 3) .
Although it is clear that synergistic umami mixtures are sensed as sweet-or sucrose-like by inbred B6 mice, it is important to draw a distinction between taste similarity and identity. This is an inherent limitation of the CTA paradigm (St. John and Spector 2008) . Indeed, previous investigations have shown that rats can often discriminate (assessed using operant procedures) between compounds that have been shown to cross-generalize such as the disaccharides sucrose and maltose (Nissenbaum and Sclafani 1987; Spector et al. 1997) . Similarly, although MSG and sucrose have some degree of behavioral similarity to rats as revealed by CTA (Yamamoto et al. 1991; Stapleton et al. 1999) , they can be discriminated from one another even when concentration is accounted for and the sodium ion is blocked (Stapleton et al. 2002; Heyer et al. 2004) .
Additionally, concentration choice can be key, as generalization can take place along an intensity dimension (St. John and Spector 2008) . Concentrations in the current study used for CTA were selected on the basis of both prior studies (Yamamoto et al. 1991 (Yamamoto et al. , 2009 ) and LR functions shown in Figure 1 . Note that if IMP at concentrations less than 0.1 M is perceived as only weakly or mildly sweet by the mice, it may explain why aversions to this stimulus (but not 0.1 M) asymmetrically generalized to sucrose and MPG + IMP and may generalize more strongly to weaker concentrations of putatively "sweet" compounds and synergistic mixtures.
Conclusion
To our knowledge, this study is the first to report that aversions conditioned to sucrose and a synergistic umami mixture (MPG + IMP) cross-generalize in mice, supporting the assertion that this mixture possesses a sweet-or sucrose-like taste to B6 mice. The asymmetry of generalizations between sucrose and IMP suggests IMP may possess a less intense sweet-or sucrose-like taste and demonstrates the concentration dependence of perceptual similarity. Although sucrose and the mixture are selectively transduced by different T1R heterodimers, the finding of behavioral similarity fits in with an emerging body of evidence supporting the substantial overlap in both the peripheral and central representation of these compounds. Further studies will elucidate the patterns in the mechanisms by which such taste similarities emerge.
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